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Abstract 
This paper presents the change of indicators characterizing the efficiency and condition (or health) of mechanical engineering 
products (such as aircraft engines, gas turbines, etc.) during their operation (over time). Employing the method of phase portraits 
used in automatic control theory (ACT), is proposed. A method for direct measurement of power, generated by gas turbine unit 
(GTU) is suggested. The algorithms able to predict changes in the technical condition of engineering objects over their operation 
time are developed. These algorithms do not require measuring the efficiency indicators derivatives. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Currently, in operation of mechanical engineering products, a maintenance based on actual technical condition is 
used instead of operating time resource assignment. Thus, algorithms for diagnosis and prediction of changes in the 
technical condition of the objects are necessary. This allows individual planning of shutdowns for every product to 
conduct preventive maintenance, repair and decommissioning. 
1.1. Relevance and scientific significance of the matter with a brief narrative review 
The task monitoring, diagnosis and prognosis of changes in the technical condition at operating time is 
particularly relevant for aircraft engines and gas turbine units, which are used in power generation and gas 
transportation. This matter is the subject of many works, such as [1-4]. 
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1.2. Statement of the problem 
Currently, in operation of mechanical engineering products, only a limited set of parameters is monitored. This 
allows avoiding a large number of expensive devices and sensors, which otherwise would interfere with normal 
object workflow. Therefore, to assess the effectiveness (and operability) of products, estimation is based on 
parameters which are monitored without large expenditures. In this paper we propose a method for direct control of 
parameters that characterize the effectiveness and operability of aircraft engine (AE) and GTU in operation. 
Furthermore, a new data processing algorithm is proposed, which allows to predict changes in the state of GTU over 
time and schedule shutdowns for preventive maintenance, repair and decommissioning (individually for each 
product). The algorithm does not require any changes in the existing technology of GTU thermal tests. 
1.3. Construction of references 
References must be listed at the end of the paper. Do not begin them on a new page unless this is absolutely 
necessary. Authors should ensure that every reference in the text appears in the list of references and vice versa. 
Indicate references by [1] or [2, 3] in the text.  
Some examples of how your references should be listed are given at the end of this template in the ‘References’ 
section, which will allow you to assemble your reference list according to the correct format and font size. 
2. Theoretical part 
Currently, for example in AE operation, a periodic or continuous measurement of thrust is not practiced. The 
same applies to measurement of turbine power in GTU exploitation. However, the values of these parameters 
characterize the state of the object with high degree of reliability when the parameters are reduced to some base 
operating mode and standard atmospheric conditions (SAC).  
It is known that in gas transportation appliances, fairly complex equipment is used for measuring torque on the 
drive shaft of a centrifugal supercharger. In contrast, the authors suggest measuring the torque as a torque on the 
stator of GTU. For this purpose it is suggested to measure the additional axial force occurring in one of the two 
mounting pillars (the loaded one). This axial force increases with increasing the load on the rotor. 
This allows determining torque as (1), and monitoring turbine power output as (2). In our case the torque value 
reaches 30000 Newton-meters. 
T FL   (1) 
Where T – torque; F – axial force; and L – distance between mounting pillars. 
t tP n TS   (2) 
Where Pt – turbine power; nt - turbine speed; T – torque. 
Currently, in the energy sector and gas transportation industry, the reference operating mode is the mode at which 
GTU (at SAC) has a predetermined value of the turbine power. Here, said power is considered as efficient and 
reduced to the SAC and to the reference operating mode Pref (e.g. Pref = 16 MW). Thus on a new product during 
acceptance tests (AT) a value of nred_lpr is detected (a reduced low pressure rotor speed), or a value of Tfull_lpt (full 
temperature at the outlet of the low pressure turbine) – at SAC at the GTU inlet. The authors suggested the contrary 
– determining the value of nred_lpr or Tfull_lpt for a given value of Pref (e.g. Pref = 14.5 MW) for setting the reference 
mode at AT. For example, it may reach Tfull_lpt = 640°C in our case. 
Similarly, in the aviation industry is not difficult to arrange direct periodic (or continuous) measurement of 
aircraft engine thrust. It this case a reduced thrust should be considered, reduced to SAC and reference operating 
mode, that is effective thrust. The mode can also be determined by the value of nred_lpr or Tfull_lpt. 
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In any case, on the basis of measurement (or calculating) the criterion of effectiveness, a technical condition 
factor is determined, which allows to evaluate the operability of the object and make a decision on the continuation 
of operation. As an example, Fig. 1 shows the result of periodic tests of GTU, used in gas transportation. 
Currently, in the energy sector and gas transportation industry, the reference operating mode is the mode at which 
GTU (at SAC) has a predetermined value of the turbine power. Here, said power is considered as efficient and 
reduced to the SAC and to the reference operating mode Pref (e.g. Pref = 16 MW). Thus on a new product during 
acceptance tests (AT) a value of nred_lpr is detected (a reduced low pressure rotor speed), or a value of Tfull_lpt (full 
temperature at the outlet of the low pressure turbine) – at SAC at the GTU inlet. The authors suggested the contrary 
– determining the value of nred_lpr or Tfull_lpt for a given value of Pref (e.g. Pref = 14.5 MW) for setting the reference 
mode at AT. For example, it may reach Tfull_lpt = 640°C in our case. 
Similarly, in the aviation industry is not difficult to arrange direct periodic (or continuous) measurement of 
aircraft engine thrust. It this case a reduced thrust should be considered, reduced to SAC and reference operating 
mode, that is effective thrust. The mode can also be determined by the value of nred_lpr or Tfull_lpt. 
In any case, on the basis of measurement (or calculating) the criterion of effectiveness, a technical condition 
factor is determined, which allows to evaluate the operability of the object and make a decision on the continuation 
of operation. As an example, Fig. 1 shows the result of periodic tests of GTU, used in gas transportation. 
In order to predict future changes in the efficiency criterion on operating time (for example, obtaining an 
extrapolation), the authors proposed building a phase trajectory as (3). 
( )ref refP f PWw w    (3) 
 
Fig. 1. Result of periodic thermal tests  of GTU 
It is known that the simplest types of phase portraits are represented by linear phase trajectories, or by either 
elliptical or spiral ones. For every engineering product and its typical operating conditions a corresponding type of 
phase portrait can be set. 
However, the requirement to measure not only the value of the criterion of efficiency, but also its derivative leads 
to necessity of changing the existing practice of thermal tests incurring additional costs. For this purpose the authors 
propose an algorithm that does not require such changes and costs. For example, it is found that for GTU the phase 
portrait (3) is represented by the linear phase trajectories (Fig. 2) described as (4). 
0 0( ) ( ) ( )ref ref ref ref ref refP P P P P PW W f fw w  w w    (4) 
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Here index 0 corresponds to zero operation time, and index  corresponds to asymptotic value when operation 
time is infinite. It is known that such a phase trajectory in the ACT corresponds to the inertial element with equation 
of motion (5). 
0( ) ( )ref ref ref refT P P P PW fw w      (5) 
 
Fig. 2. The phase trajectory based on results of periodic thermal tests of GTU 
In the integral form the equation of motion looks like (6). 
0 0( )(1 )
T
ref ref ref refP P P P e
W
f      (6) 
Defining the parameters T (time constant) and Pref (extrapolation value at high operation time) allows 
extrapolating changes in the efficiency criterion for further operation of the product. Defining moments when the 
value reaches "set points", it is possible to plan a stop for maintenance, repair and decommissioning. 
To avoid the need to measure the derivative of P with respect to operating time, it is proposed to determine the 
operating time as (7). 
0 1 0 2 1 2( ) ( ) ( ) ( )ref ref ref ref x xP P P P W W W W      (7) 
Hence (8). 
     2 0 1 1 0 2 1 2 0x ref ref ref ref ref refP P P P P PW W Wª º     ¬ ¼  (8) 
Next, plotting a family of curves as shown in Fig. 3, the desired line and the value of T is determined. Next, the 
value of (9) is determined. 
 1( 2)0 0 1(2) 1 Tref ref ref refP P P P e Wf ª º   ¬ ¼  (9) 
The procedure of determining the parameters T and Pref is easier if operating time Ĳ for thermal testing is not 
chosen arbitrarily, but so that Ĳ2 = 2Ĳ1 or Ĳ2 = 3Ĳ1. In the first case (10), and in the second case (11). 
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1 0 1 0 2ln 1ref ref ref refT P P P PW ª º    ¬ ¼  (10) 
     ^ `1 0 1 0 2ln 0.5 0.25 1ref ref ref refT P P P PW ª º       ¬ ¼  (11) 
 
Fig. 3. Defining T (time constant) on the results of periodic thermal tests of GTU 
It is known that important parameters (such as vibration), characterizing the state (or health) of mechanical 
engineering products, are changing over time in a Ȝ-shaped form. That is at the beginning of operation a breaking-in 
takes place, and the level of vibration decreases, then it holds at a certain level, and then begins to increase, which is 
a sign of the need for repair or decommissioning. 
 
Fig. 4. A Ȝ-shaped change in vibrovelocity over operation time 
In the initial section (break-in period and the normal operation) vibrovelocity changes as (12), and then parameter 
V begins to grow (13). 
  10 0 1 TV V V V e Wf      (12) 
79 I.A. Krivosheev et al. /  Procedia Engineering  150 ( 2016 )  74 – 80 
    20 TV V V V e W Wff f ª º   ¬ ¼   (13) 
Vibration is usually monitored not on the oscillation amplitude A, but on vibrovelocity V or vibroacceleration W. 
For example, Fig. 4 shows a typical change of vibrovelocity V over operating time.  
If we assume that T1ĬT2 and V(Ĳ) - V = V0 - V, then Ĳ is determined by a single point, that is enough to trace 
the increased value of V3 at the moment on operating time Ĳ3. Then (14). 
   3 3 0ln V V V VW Wf f   f ª º¬ ¼   (14) 
If the parameter V has a "set point" Vb (one for maintenance, the other for repair, and the third for 
decommissioning), while Vb > V0, then the forecast for the time of stopping the product would be as in (15). 
 
Fig. 5. Determination of Ĳ from the measured values of vibrovelocity V at Ĳ3 and Ĳ4 
   0 0lnb bT V V V VW Wf f   ª º¬ ¼   (15) 
If we assume that V(Ĳ) - V Į V0 - V and T1 Ĭ T2 = T, then it is sufficient to measure values of V3 and V4 at Ĳ3 
and Ĳ4, and find a value of Ĳx such that (16,17). 
   4 3 4 3x x V VW W W W     (16) 
   3 4 4 3 4 3x V V V VW W W     (17) 
To solve the equation (18) when searching value of Ĳ, the proposed algorithm is shown in Fig. 5. Here, for 
different values of Ĳ a series of lines is built. We can see that the line is searched with the required value of Ĳ. 
         3 24 24 3 TTV V V V e e W WW W ff f f    (18) 
3. The practical significance, suggestions and results of implementation, results of experimental studies 
The proposed algorithms allow extrapolating the patterns of change in the criteria of efficiency of engineering 
products in operation. At that no additional cost incurred, and there is no need to change the currently used 
technology of trend monitoring and periodic thermal tests of GTU. This allows planning (for each individual 
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product) operation stops for maintenance, repair and decommissioning. This methodology is validated using the 
thermal test results of gas compressor units, which are used for gas transportation. 
4. Conclusion 
Thus, the analysis of changes in the operation (over time) of the indicators characterizing the efficiency and 
condition (or health) of mechanical engineering products (such as aircraft engines, gas turbines, etc.) showed the 
effectiveness of the method of phase portraits. This method is used in the ACT. It is shown that a measurement of 
aircraft engine thrust, or GTU turbine power can be organized at low cost, periodic or continuous, directly in 
operation. Algorithms that can predict changes in the technical condition of the objects over time are developed. 
These algorithms are experimentally tested and they do not require any measurement of derivatives of performance 
indicators. These results allow us to improve the reliability of monitoring and diagnostics of engineering products in 
operation. 
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